Abstract The decision to pursue hematopoietic stem cell transplantation or immunosuppression as first therapy in severe aplastic anemia is currently based on age and availability of a histocompatible donor. The ability to predict hematologic response, relapse and clonal evolution could improve treatment allocation. In the past 15 years, telomeres have been implicated in clinical diseases such as aplastic anemia, pulmonary fibrosis, cirrhosis and cancer development. The clinical relevance of varying telomere lengths (TL) and/or mutations in genes of the telomerase complex (TERC, TERT) is evolving in aplastic anemia. A large retrospective analysis suggests that baseline TL associate with late events of hematologic relapse and clonal evolution in aplastic anemia patients treated initially with anti-thymocyte globulin-based therapy. Further laboratory experiments propose possible mechanistic insight into genomic instability of bone marrow cells derived from patients with critically short telomeres and/or mutation in telomerase genes. The possibility of modulating telomere attrition rate with sex hormones could positively affect clonal evolution rates in humans. This review will summarize studies in marrow failure that explore the association between telomeres and aplastic anemia outcomes.
Introduction
Up to 40 years ago, severe aplastic anemia (SAA) was associated with a high fatality rate 1-2 years after the diagnosis. However, the majority of patients nowadays are expected to be alive long-term following the diagnosis of SAA. The treatment modalities that contributed to this success are hematopoietic stem cell transplantation (HSCT) and immunosuppressive therapy (IST). Although the toxicities vary between these two approaches, longterm outcome with either therapy is comparable [1] . In general, HSCT from a matched related sibling donor is applied to children and adults up to the age of 40 as first therapy, while IST is often employed in older patients (over 40) or when a sibling donor is not available [1, 2] . Thus, the decision to pursue either therapy relies nowadays on age and matched related donor availability. Comorbidities can play a role in the decision-making, however in general younger patients with SAA usually do not have other significant underlying illnesses that preclude a matched related HSCT.
HSCT is curative in the majority of patients, and IST is often associated with hematologic response rates that have ranged from 60 to 75 % across many large studies in the United States, Europe, and Japan [3] . However, graft rejection, infections, and more importantly, graft-versushost disease (GVHD) limit the success of HSCT, while unresponsiveness, relapse and clonal evolution to myelodysplasia (MDS) limit the success of IST. Unfortunately, there are no practical robust marker(s) that can predict these important outcomes following HSCT or IST which could better risk-stratify patients allowing for a more rational treatment allocation. There have been many reports towards this goal; however, none has been widely adopted yet into clinical practice. In this review, some of these efforts will be summarized which could allow for better decision-making algorithms in the future.
Important outcomes following IST
The important outcomes to be considered following IST are hematologic response, relapse and clonal evolution to MDS and survival. In general, response can be anticipated in 2/3 of cases, relapse in about 1/3 of responders and evolution in 10-15 % long-term [4, 5] . The standard IST regimen in SAA is with the combination of horse antithymocyte globulin (h-ATG) and cyclosporine (CsA). This regimen has been shown superior as first therapy to alternative regimens such as rabbit ATG or alemtuzumab in randomized studies [6, 7] . The most important predictor for long-term survival is hematologic response at 3-6 months following h-ATG/CsA [4] . Relapses, in general, are not usually associated with a dire outcome since most do respond to more immunosuppression with CsA or another course of IST [4, 8, 9] . Clonal evolution, however, remains a significant problem especially with the appearance of a monosomy 7 karyotype or evidence of high-grade dysplastic findings with increase in blasts [1, 10] .
Can hematologic response be predicted?
There have been several attempts to predict hematologic response in SAA following IST. Some research laboratory findings that reflect the pathophysiology of SAA, such as the increased ratio of activated T cells, increased interferon-c expression in bone marrow and peripheral T cells, increased expression of heat shock protein, and the presence of small numbers of aneuploid bone marrow cells have been proposed as useful in prognosis; however, these methods, which are not currently either generally available or applied, require validation [11] [12] [13] [14] . A more simplified approach has been to associate the presence of a paroxysmal nocturnal hemoglobinuria (PNH) clone with response. The presence of a PNH clone at baseline has been suggested as a marker of a favorable response to IST in adults by using a more sensitive flow cytometric assays that improved detection of small clones compared to the more traditional Ham's test [15] . A correlation of a PNH clone with response, however, has not been confirmed in other studies [16, 17] .
Quantitative assessment of reticulocyte count has been proposed as marker for response, maybe serving as an indirect measurement of marrow reserve [16, 18, 19] . In a large retrospective study, those with a higher baseline reticulocyte count had a higher probability of response and survival compared to those with a lower reticulocyte at baseline. This parameter has been confirmed in some reports but not in others [20, 21] . Of interest is that robust reticulocyte recovery at 3 months following IST has been associated with better survival outcomes and baseline reticulocyte count associated with response in a study of a thrombomimetic, eltrombopag, in refractory SAA [4, 22] . The absolute neutrophil count appears to be associated with short-term mortality in many reports, but this observation was not confirmed in a German experience in children [23, 24] .
Age has been a more consistent defining predicting parameter across many studies. In general, children do have a higher response rate compared to older patients following IST [16, [25] [26] [27] [28] . The response rate in children is usually reported in the 70-80 % range with excellent survival among responders, compared to a 60-70 % response rate in younger adults and a 50-60 % rate in those over the age of 40-50 years of age. Although there has not been a randomized study comparing the more intense IST with h-ATG/CsA to HSCT, the latter is the preferred modality in children and young adults with a histocompatible donor, while the former is an excellent alternative among those without a related donor.
Can hematologic relapse and clonal evolution be predicted?
These two late events can be associated with morbidity and mortality in patients in follow-up. The mechanism involved in these complications are poorly understood however continuing subclinical immune destruction of stem cells or hematopoietic exhaustion has been proposed for relapse, and selection of pre-malignant clones resistant to apoptosis, proliferative advantage, and genomic instability proposed for evolution. In practice, it is difficult to assess these parameters quantitatively or qualitatively.
Defect in telomere repair mechanisms has been implicated in inherited forms of marrow failure such as dyskeratosis congenita, which are generally diagnosed at a young age after a presentation of aplastic anemia associated with physical abnormalities early in life [29] . Telomeres represent the ends of chromosomes which progressively shorten with each cellular division resulting in its shortening. A critical short telomere length (TL) results in a cessation of replication and cell death. To counter this erosion, the telomerase complex adds short nucleotide repeats (TTAGGG) to the ends of chromosomes (telomeres) which each division slowing the attrition rate. This complex is composed of an RNA template that is encoded by TERC and a catalytic subunit encoded by TERT. In general, expression of telomerase is low in most somatic cells however, in hematopoietic stem cells and lymphocytes which have a high proliferative capacity expression is high. Mutations in TERC and TERT have been identified in 5-10 % of acquired SAA cases who present later in life without physical abnormalities [30] .
Early reports suggested that telomeres were short in up to one-third of patients with SAA [31, 32] . Initially, this occurrence was presumed to be secondary to hematopoietic ''stress''. However, the discovery of loss-of-function mutations in genes of the telomerase complex (TERC, TERT) established a genetic etiology for telomere attrition in some patients with marrow failure who did not have the stigmata associated with an inherited bone marrow failure syndrome [33, 34] . In the past 15 years, the relationship between TL, genetic defects in the telomerase complex and marrow failure has been an area of great interest. In a large retrospective analysis at the National Institutes of Health (NIH), 183 patients with SAA treated on sequential prospective ATG-based immunosuppression protocols had their outcomes correlated with age-adjusted TL of peripheral blood leukocytes at baseline measured prior to study entry [35] . The main outcomes included in the analysis were hematologic response at 6 months, relapse, clonal evolution, and survival. For this analysis, the TL was divided into 4 quartiles with the shortest lengths represented in the first quartile, while the longer lengths represented in the fourth quartile. There was no relationship observed in this study between baseline TL and hematologic response at 6 months. The response rate for patients with TL in the first quartile was 57 % [95 % confidence interval (CI) 42-71], second quartile 54 % (95 % CI 39-69), third 60 % (95 % CI 45-75), and fourth quartile 57 % (95 % CI 42-71).
However, a relationship between TL with relapse and clonal evolution was observed [35] . When measured as a continuous variable, TL inversely correlated with the probability of relapse [hazard ratio (HR) 0.16 (95 % CI 0.03-0.69); p = 0.01]. The risk for relapse progressively decreased from quartiles 1 (shortest) to 4 (longest). For clonal evolution, a higher rate of cytogenetic abnormalities was observed in those in quartile 1 (25 %, 95 % CI 9-38) compared to quartiles 2-4 (8 %, 95 % CI 3-13; p = 0.009). More importantly, higher risk cytogenetic defects such as monosomy 7 and complex cytogenetics were noted in quartile 1 (19 %, 95 % CI 4-32) compared to those in quartiles 2-4 (5 %, 95 % CI, 0.5-8, p = 0.002). Overall survival also differed at 6 years between those with TL in quartile 1 (66 %, 95 % CI 53-83) and quartiles 2-4 (84 %, 95 % CI 77-91; p = 0.008). It is important to note that a genetic defect in TERC or TERT was identified in only 1 patient in this cohort. Thus, this study described a relationship between TL within the normal range and late events in SAA following ATG-based immunosuppression.
It is unlikely that TL is a simple biomarker for late events in SAA, but that it is also involved in the destabilization of the genome and participates in the etiopathogenesis of clonal evolution. A short TL has been widely associated with the development of human cancer in population-based studies and in pre-malignant inflammatory conditions such as Barrett's esophagus and inflammatory bowel disease [30, [36] [37] [38] [39] [40] . In a follow-up study by Calado et al. [41] , bone marrow cells from patients in the NIH cohort were studied for the presence of monosomy 7 by fluorescent in vitro hybridization (FISH) at diagnosis. A strong inverse correlation was observed between average leukocyte TL and the percentage of monosomy 7 cells by FISH in the marrow (r = -0.503, p = 0.001). An increased frequency of telomere signal free ends (a marker for very short TL and genomic instability) was also noted in cultured bone marrow cells of patients with a lower average TL (lower quartiles) compared to those in the upper quartiles or healthy subjects. In addition, a significant proportion of numeric aberrations and structural chromosomal abnormalities were observed in cultured bone marrow cells from patients with the shorter TL compared with patients with longer telomeres or to healthy controls [41] . Finally, cultured telomerase-mutant marrow cells from individuals identified in family studies of patients with aplastic anemia and telomerase mutations developed an increase proportion of aneuploid cells when compared to bone marrow cells of healthy individuals under same culture conditions. These observations support the notion that short and dysfunctional telomeres restrict the proliferation of normal hematopoietic stem cells and lead to the selection of genomic unstable cells.
Although the average TL is often used in correlative studies, it is the shortest telomeres that contribute to chromosomal instability rather than the average TL [42] . A more sensitive assay of single telomere length assay (STELA) using a single PCR reaction to amplify chromosome-specific telomeres allows for the identification of critically short TL regardless of the average TL by qPCR [43] . In a small study presented in abstract form recently, very short TL by STELA was present in a higher proportion of SAA patients who progressed to MDS when compared with complete responders to immunosuppression [44] . Ongoing studies to better define the heterogeneity of TL by STELA and their clinical consequence could identify very short telomeres in a subpopulation of cells that pose a greater risk for clonal evolution in some aplastic anemia patients.
Can telomere attrition rate be modulated in vivo?
The historically low rate of clonal evolution in AA patients who recovered with androgens suggests therapeutic opportunity with these agents to decrease evolution rates long-term [45] . The possible role of a critical short TL and clonal evolution in AA raises the possibility that modulation of telomere attrition may reduce clonal events in humans. Exposure in vitro of human peripheral blood leukocytes and bone marrow cells to androgens has been shown to increase telomerase activity along with increased expression of TERT mRNA [46] . This observation was expanded in vivo where mice under certain hematopoietic stress had a reduced attrition rate when treated with testosterone compared to mice who received a corn oil control [47] . A recent case report in an aplastic anemia patient suggests that continued androgen use might be associated with hematologic improvements along with TL elongation of peripheral blood leukocytes [48] . Thus, the effect of androgen therapy on increasing telomerase activity might contribute to slowing telomere attrition, assisting in cell regeneration and ultimately prevent genomic destabilization. In order to address this modulatory possibility in humans, an ongoing clinical trial (clinicaltrials.gov NCT01441037) at the NIH is currently investigating the activity of danazol in patients with a telomere disorder associated with hematologic or pulmonary disease. The objective of this study is to determine if androgen therapy can reduce the telomere attrition rate in this patient population with a 2-year course of danazol.
In conclusion, biomarkers that correlate with hematologic response, relapse and clonal evolution would greatly enhance risk-stratification and allow for better treatment allocation in SAA. For example, younger patients with a low probability of response and high probability of late events might benefit more from an unrelated donor HSCT as first therapy, while older patients with a similar risk profile benefit more from a matched sibling donor HSCT. The association of TL and late events (relapse, clonal evolution) requires validation before entering decisionmaking algorithms in SAA. The possible role of short telomeres contributing to genomic instability and evolution to MDS opens the possibility of investigating agents that could modulate the attrition rate and hopefully reduce the rate of this complication. The clinical relevance of genetic defects in telomerase genes in patients who otherwise present with 'acquired' SAA is still evolving. Some patients with known mutations in TERT or TERC can respond to IST similarly as in non-mutants [49] . If a genetic defect is sufficient to define the pathogenesis in some cases of apparent acquired AA or it is a contributor to other pathophysiologic mechanisms of marrow destruction such as an aberrant immune system remains to be defined.
